Identification of protein-derived tyrosyl radical in the reaction of cytochrome c and hydrogen peroxide : characterization by ESR spin-trapping, HPLC and MS

INTRODUCTION
In most aerobic mammalian cells, mitochondria represent a primary source of reactive oxygen species [1] [2] [3] [4] [5] . Oxidative stress in mitochondria is a possible cause of many human diseases, including heart disease, aging and cancer, and has attracted much attention for several decades [6] [7] [8] [9] [10] [11] . Mitochondria, especially mitochondrial membranes, are continuously challenged by oxidative stress because mitochondria not only generate superoxide (O : −
#
) and H # O # , but also contain high concentrations of non-haem and haem protein-bound iron that can serve as strong oxidants via their reactions with H # O # . One such haem protein is cytochrome c, which can react with H # O # to form a highly reactive ferryl-haem species capable of oxidizing various organic molecules and initiating lipid peroxidation [12] [13] [14] [15] [16] .
When cytochrome c reacts with H # O # , it forms a proteinderived tyrosyl radical. This radical, trapped by 2-methyl-2-nitrosopropane (MNP), was first observed with the ESR spin-trapping technique by Barr et al. [17] . At the time, the radical-trapping site was assigned to the C-1 position of the tyrosine phenyl ring which, by hydrogen bonding, could then form an additional seven-member ring (Scheme 1) [17, 18] . However, a recent NMR study [19] on the generation of myoglobin-derived tyrosyl radical from the reaction of myoglobin and H # O # Abbreviations used : ESI, electrospray ionization ; HRP, horseradish peroxidase ; MNP, 2-methyl-2-nitrosopropane ; MNP-d 9 , 2-methyl (deuterium)-2-nitrosopropane ; MS/MS, tandem MS ; t R , retention time ; a N , nitrogen hyperfine coupling ; a H , hydrogen hyperfine coupling. 1 To whom correspondence should be addressed (e-mail qian1!niehs.nih.gov).
an identical retention time (17.7 min) was observed for the ESRactive HPLC peak of the MNP\tyrosyl adduct from the following three reactions : (i) the tyrosine oxidation via horseradish peroxidase\H # O # ; (ii) UV irradiation of 3-iodo-tyrosine and (iii) the reaction of cytochrome c with H # O # . This result demonstrated that the radical adducts of all three reactions are most probably the same. The mass spectrometric analysis of the HPLC fractions from reactions (i) and (ii) showed an ion at m\z 267 attributed to the MNP\tyrosyl adduct. We conclude that the cytochrome cderived tyrosyl radical was trapped by MNP, leading to a persistent radical adduct at the C-3\C-5 positions of the tyrosine phenyl ring. molecular mass of the radical adduct, nor can they distinguish between alternative structures predicted to have similar coupling constants. Thus in order to resolve the question of where the tyrosyl radical is trapped, further structural information is needed.
In the present study, we have determined the structure of the MNP\tyrosyl adduct formed from the reaction of cytochrome c with H # O # in the presence of MNP using a variety of approaches and techniques. We eliminated unreasonable structural models by using ESR spin-trapping methods to examine a series of "$Clabelled tyrosines oxidized by horseradish peroxidase (HRP)\ H # O # . To provide a standard, we photochemically synthesized an authentic MNP\tyrosyl adduct with the C-3 position as the radical-trapping site [20] . The ESR results of the photochemical synthesis were consistent with the "$C-labelled ESR results, demonstrating that the trapping site of the MNP\tyrosyl adduct in these models is not the C-1 position, but rather the C-3\C-5 positions.
To further characterize the structure of the MNP\tyrosyl adduct, we combined ESR spin trapping with HPLC and MS. On-line HPLC\ESR [21] [22] [23] , a technique to detect ESR-active peaks in the HPLC elution profile, allowed us to test the structural similarities of various adducts. Combining HPLC\ESR with MS analysis has allowed us to determine the molecular mass of a variety of radical adducts [24] [25] [26] [27] [28] . Using this combined technique, we have successfully characterized the MNP\tyrosyl radical adduct generated in three independent ways : from UV irradiation of 3-iodo-tyrosine, from tyrosine oxidation via HRP\H # O # and from the reaction of cytochrome c with H # O # . We conclude that the oxidation of cytochrome c with H # O # forms a cytochrome cderived tyrosyl radical that is trapped by MNP at the C-3\C-5 positions of the tyrosine phenyl ring.
EXPERIMENTAL Reagents
Horse heart cytochrome c, HRP type VI-A, -tyrosine and 1.0 M HCl were purchased from Sigma (St. Louis, MO, U.S.A.). The concentrations of horse heart cytochrome c and HRP were verified with UV absorption at 550 nm (ε $ 18.5 mM −" : cm −" ) and 402 nm (ε $ 102 mM −" : cm −" ), respectively. The "$C-labelled tyrosines, -4-hydroxyphenyl-"$C ' -alanine, -4-hydroxyphenylalanine-3h-"$C and -4-hydroxyphenylalanine-4-"$C were purchased from Cambridge Isotope Laboratory (Andover, MA, U.S.A.). The 3-iodo-tyrosine and the spin trap MNP were obtained from Aldrich (Milwaukee, WI, U.S.A.). H # O # was purchased from Fisher (St. Louis, MO, U.S.A.), and its concentration was verified with UV absorption at 240 nm (ε $ 43.6
was provided as a gift from Dr J. Joseph (Medical College of Wisconsin, Milwaukee, WI, U.S.A.). Pronase was purchased from Boehringer Mannheim. Prepacked Sephadex G-25 (PD-10) size-exclusion cartridges were purchased from Pharmacia Biotech (Uppsala, Sweden). All experiments were performed in 50 mM potassium phosphate-buffered aqueous solution (pH 7.4), except for the photochemical experiment, which was performed in HCl aqueous solution at low pH (pH 1.3) or deionized water.
ESR measurement
ESR spectra were obtained with a Bruker ElexSys E500 spectrometer equipped with a super-high Q cavity operating at 9.77 GHz and room temperature. The ESR spectrometer settings were : modulation frequency, 100 kHz; modulation amplitude, 0.2-4.0 G; microwave power, 20 mW; receiver gain, 10&-10' and time constant, 0.6-2.0 s. ESR computer simulation was accomplished using software developed in this laboratory [29] .
Spin-trapping of the protein-derived and UV-derived radicals
In order to achieve the optimum ESR signal for the proteinderived radical adduct, the mixture of reactants was allowed to react for 10-30 min and then loaded into a Sephadex G-25 sizeexclusion column. The sample was passed through the exclusion column by eluting with 50 mM phosphate buffer (pH 7.4), thus removing excess H # O # , free MNP and non-protein spin adducts from the protein-bound fraction. The protein portion was collected and subjected to 20 min of non-specific proteolysis by Pronase, after which HPLC separation and ESR measurements were performed.
To synthesize the MNP\tyrosyl adduct known to be trapped at the C-3 site, we dissolved 3-iodo-tyrosine in HCl aqueous solution. At room temperature and with the presence of MNP, the iodo-tyrosine solution was irradiated for 5 min under UV light from a high-pressure mercury lamp (1000 W) equipped with a water filter.
On-line HPLC/ESR
An on-line HPLC\ESR system was used to detect and separate the MNP\tyrosyl adduct formed in the following reactions : tyrosine oxidation via HRP\H # O # , UV irradiation of 3-iodo-tyrosine and the reaction of cytochrome c with H # O # . The on-line HPLC\ESR system consisted of a Hewlett-Packard 1100 series HPLC system and a Bruker ElexSys spectrometer. The outlet of the Waters UV detector was connected to the ESR AquaX cell with Red Peek HPLC tubing (0.127 mm internal diameter). In addition, in this system two ESR settings were increased in order to heighten sensitivity : modulation amplitude (4.0 G) and time constant (2.0 s).
In the on-line system, HPLC separations were performed on a C ") column (Hewlett Packard Zorbax; 4.6 mmi250 mm) equilibrated with solvent A (10 mM ammonium acetate). The reaction mixture (50-500 µl) was typically injected into the HPLC column and eluted at a 1.0 ml\min flow rate for 50 min with a gradient of 0-75 % solvent B (10 mM ammonium acetate\80 % acetonitrile). We monitored the UV absorption at 280 nm and the ESR signal with a magnetic field fixed on the middle line of the ESR triplet for the MNP radical adducts. The peaks with corresponding absorptions in both the UV trace and the ESR trace were collected according to their HPLC retention time, lyophilized and subjected to mass spectrometric analysis.
Electrospray ionization (ESI) MS
ESI mass spectra were acquired with a Micromass Q-Tof (Altrincham, Cheshire, U.K.) hybrid tandem mass spectrometer [30] . ESI-MS conditions were as follows : needle voltage, $ 3000 V; cone voltage, 25 V; collision energy, 4.0 eV; source temperature, 80 mC; sample infusion, $ 200 nl\min using a pressure-injection vessel [31] and data-acquisition range, m\z 50-3000 at 1.9 s\scan. For the tandem MS (MS\MS) experiments, a parent ion was selected with the first mass analyser and transmitted into a collision cell where fragmentation was induced by collision with argon atoms at a collision energy of 25 eV. The resulting fragment ions were detected with the second mass analyser. In this type of experiment, only ions resulting from fragmentation of the selected parent ion were observed. Data analysis was accomplished with a MassLynx data system and MaxEnt software supplied by the manufacturer. Identification of cytochrome c-derived tyrosyl radical
RESULTS
ESR spin trapping of cytochrome c-derived tyrosyl radical
When cytochrome c (500 µM) was allowed to react with 2.5 mM H # O # in the presence of MNP, an ESR spectrum ( Figure 1A ) was detected. This spectrum was composed of a trace of di-tbutylnitroxide (a N l 17.1 G [32] , where a N is the nitrogen hyperfine coupling; marked as * in Figure 1A ) and an immobilized nitroxide derived from MNP trapping of a protein-centred radical. After the solution was passed through a size-exclusion chromatographic column, only the protein-bound adduct was detected in the protein fraction ( Figure 1B ). When this proteinderived adduct was subjected to non-specific proteolysis by the addition of 2 mg\ml Pronase, a three-line spectrum was detected with a hyperfine coupling of 15.5 G ( Figure 1C) . Because an identical ESR spectrum ( Figure 1D ), previously identified as the MNP\tyrosyl adduct [17] , can be detected from tyrosine oxidation via HRP\H
, the protein-bound adduct was assigned as a protein-derived tyrosyl radical.
ESR spin trapping of MNP/tyrosyl adducts from 13 C-labelling experiments
The three-line spectrum of the MNP\tyrosyl adduct suggested that the radical might be trapped on the tertiary carbon atom of tyrosine, i.e. in the C-1 position, because none of the neighbouring atoms ( β-position) has a nuclear spin. A β-hydrogen or a β-nitrogen in the MNP adduct would give rise to small hyperfine coupling constants in addition to the large nitrogen splitting visible in Figure 1(D) . Originally, it seemed likely that the tyrosyl radical had been trapped at the C-1 position because the spin density is highest at that position [34] . On the basis of a molecular model calculation, a modified C-1 model was proposed [18] as the structure of the MNP\tyrosyl adduct with hydrogen bonding forming an additional seven-member ring (Scheme 1). In a recent NMR study on the reaction of myoglobin and H # O # [19] , however, the C-3\C-5 trapping site was proposed because the three hydrogen hyperfine couplings in MNP-tyrosyl were observed to be aromatic.
In order to distinguish between the C-1 and C-3\C-5 structures and to rule out other trapping positions, we performed ESR spin trapping with a series of "$C-labelled tyrosines. Hyperfine coupling constants from "$C located on either the α-position or the β-position neighbouring the radical centre of an MNP adduct are generally large enough to resolve. To test these structures, we chose three "$C-labelled tyrosines : -4-hydroxyphenyl-"$C ' -alanine, -4-hydroxyphenylalanine-3h-"$C and -4-hydroxyphenylalanine-4-"$C.
All carbons in the phenyl ring of -4-hydroxyphenyl-"$C ' -alanine were labelled with "$C; therefore, we expected to see multiple "$C splittings if the tyrosyl radical were trapped at any position on the phenyl ring. The three-line spectrum detected from the "#C tyrosine oxidation (Figure 2A ) was replaced by an eight-line spectrum ( Figure 2B ) composed of hyperfine couplings from nitrogen (a N l 15.5 G), one α-"$C (a"$ C l 7.1 G) and two apparently equivalent β-"$C atoms (a"$ C l 8.0 G). Both α-and β-"$C hyperfine coupling constants should be large enough to resolve [17, 32] . The dotted lines in Figure 2 (B) represent the computer simulations, but no additional hyperfine coupling (1.3 G [33] ) could be resolved. When MNP-d * was used instead of MNP in the oxidation of -4-hydroxyphenyl-"$C ' -alanine, an additional "$C hyperfine coupling was clearly resolved, a"$ C l 0.6 G (results not shown). This result demonstrated that the trapping site of the MNP\tyrosyl adduct was located on the phenyl ring of tyrosine, but did not specify which phenyl carbon was the trapping site.
In a previous ESR spin-trapping study, we eliminated the possibility of the C-4 (or O) atoms as the trapping site by replacing the phenolic oxygen "'O in tyrosine with "(O [18] . Based on the known positions of high spin density [34] , the other possible positions on the tyrosyl phenyl ring for the radicaltrapping site should be the C-1 and the equivalent C-3\C-5 positions.
To test the possibility of C-1 as the radical-trapping site, we performed a spin-trapping experiment with -4-hydroxyphenylalanine-3h-"$C oxidation via HRP\H # O # . If the radical-trapping site of MNP\tyrosyl adduct were located on the C-1 position, the nuclear spin of "$C of -4-hydroxyphenylalanine-3h-"$C would be located in the β-position relative to the radical centre and would contribute a hyperfine coupling to give a six-line ESR spectra (a triplet for nitrogen, and a further split by doublet "$C at the β-position). However, only a three-line ESR spectrum was observed for this compound ( Figure 2C ), indicating that the "$C was not located on the β-position.
To test for the trapping site at the C-3\C-5 positions, -4-hydroxyphenylalanine-4-"$C was oxidized with HRP\H # O # . If either the C-3 or the C-5 position were the trapping site, "$C would be the β-carbon neighbouring the radical centre of the MNP\tyrosyl adduct and would contribute to its hyperfine coupling pattern. The observation of a six-line spectrum ( Figure  2D ) composed of a coupling from nitrogen (a N l 15.5 G) and a
Figure 2 ESR spectrum of the MNP/tyrosyl radical adduct obtained from the oxidation of tyrosine and 13 C-labelled tyrosines by HRP and H 2 O 2
The reaction mixture was the same as in Figure 1D , except that the isotopically labelled tyrosines L-4-hydroxyphenylalanine-3h-13 C, L-4-hydroxyphenyl-13 C 6 -alanine and L-4-hydroxyphenylalanine-4-13 C were used instead of tyrosine. The solid lines are the experimental ESR spectra; the dotted lines are the computer simulations. Different ESR collection times were used for each experiment to obtain the optimum ESR signal. Shown are the MNP/tyrosyl adducts from (A) 12 
ESR spin trapping of the authentic MNP/tyrosyl adduct
To further confirm the C-3\C-5 structure as the trapping site of the MNP\tyrosyl radical adduct, we photochemically synthesized an authentic MNP\tyrosyl radical adduct by UV irradiation of 3-iodo-tyrosine in the presence of MNP-d * (i.e. with the nine methyl hydrogens replaced by deuterium) [20] (see Scheme 2) .
Deuteration of MNP decreased the broadening effect on the hyperfine structure of the nine methyl hydrogens, thereby enhancing the resolution of the smaller hyperfine coupling constants of MNP radical adducts. In Scheme 2, it is known that the radical is trapped at the C-3 position of the tyrosine phenyl ring; its ESR spectrum ( Figures 3A and 3B ) consisted of hydrogen hyperfine couplings (a H ) of a H l 1.06 G, a H l 0.69 G and a H l 0.64 G, as shown by its computer simulation ( Figure 3 , dotted Identification of cytochrome c-derived tyrosyl radical lines). The better resolution of the super-hyperfine couplings of this adduct was obtained with an 8 G scan ( Figure 3B ) of the centre-field line of the primary triplet seen in the 50 G scan in Figure 3 (A). The splittings of Figure 3 (B) are comparable with those reported by Gunther et al. [18] of one non-equivalent hydrogen coupling (a H l 1.05 G) and two nearly equivalent hydrogen atoms (a H l 0.7 and 0.55 G). We further used MNP-d * to trap the tyrosyl radical generated in our experimental systems. In the presence of perdeuterated MNP, we obtained identical multi-line ESR spectra from the oxidation of tyrosine by HRP\H # O # ( Figure 3C ) and the reaction of cytochrome c with H # O # , but with lower intensity ( Figure 3D ). These high-resolution ESR spectra shown as its computer simulation ( Figure 3D , dotted line) consisted of hydrogen hyperfine couplings that were identical to those in Figure 3(B) .
Scheme 2 Photochemical synthesis of authentic MNP/tyrosyl adducts Figure 3 ESR spectra of MNP-d 9 /tyrosyl radical adducts obtained from various reactions
On-line HPLC/ESR study
To further confirm that the MNP\tyrosyl adducts derived from the three different reactions were identical, we combined ESR and HPLC with an on-line system to separate both the ESRactive radical adducts and the non-ESR-active species. For the UV irradiation of 3-iodo-tyrosine, the peak with a retention time, t R , of 17.7 min was attributed to the MNP\tyrosyl adducts because it exhibited absorption in both the UV trace (280 nm) and the ESR trace (the peak of the middle line of the ESR spectrum). When this HPLC fraction was collected and subjected to ESR spectroscopy, the ESR super-hyperfine couplings observed were essentially identical to those seen in Figure 2 (A) (results not shown), thus confirming the assignment.
We found that the ESR-active HPLC fractions in all three reactions, i.e. UV-irradiated 3-iodo-tyrosine ( Figure 4A ), the oxidation of tyrosine by HRP\H # O # ( Figure 4B ) and the reaction of cytochrome c with H # O # (Figure 4C ), had identical t R values of 17.7 min. The strongest ESR-active HPLC peak was observed in the UV irradiation of the 3-iodo-tyrosine system, whereas a weaker ESR absorption was found in the HRP\H # O # \ tyrosine system. In the cytochrome c oxidation system, however, at 17.7 min the UV absorption signal was only a little higher than that of the background level ( Figure 4C, *) , and the on-line ESR signal was undetectable. To obtain a detectable ESR signal from the reaction of cytochrome c and H # O # , we collected and measured the 17.7 min HPLC fraction via off-line ESR. Unlike on-line ESR, off-line ESR can be enhanced via a signal-averaging technique. A 25-scan accumulated spectrum in off-line ESR indicated a clear multi-line ESR spectrum of the MNP-d * \tyrosyl adduct ( Figure 4C, inset) .
MS of MNP adducts
To further characterize the structure of the MNP\tyrosyl radical adduct, the ESR-active HPLC fraction (t R l 17.7 min) from all three reactions was analysed by ESI-MS. To aid in the MS identification of ions associated with the MNP\tyrosyl adduct, a dual spin-trapping technique was utilized with the model system (i.e. UV irradiation of 3-iodo-tyrosine). In dual spin-trapping experiments, a 50 : 50 mixture of MNP\MNP-d * spin traps is used instead of MNP or MNP-d * alone. As a result, ion pairs with a difference of 9 mass units (m\z 267 and m\z 276) are observed in the mass spectra ( Figure 5A ), corresponding to the oxidized forms of MNP\tyrosyl and MNP-d * \tyrosyl adducts, respectively (Scheme 3).
To confirm the identity of these ions, the MS\MS spectra of m\z 267 and m\z 276 were acquired ( Figures 5B and 5C , respectively) and showed similar fragment ions. The ions of m\z 92 and m\z 120 were observed in both spectra and correspond to 
) from m\z 267 (or m\z 276) was observed at m\z 211 ( Figure 5B ) and m\z 212 ( Figure 5C ), respectively, corresponding to the loss of the t-butyl group of MNP. Cleavage of both the tbutyl and N-OH groups from MNP resulted in the fragment ion at m\z 179 ( Figures 5B and 5C ). These data confirm that the pair of ions of m\z 267 and m\z 276 are the MNP\tyrosyl and MNPd * \tyrosyl adducts. The ESI mass spectrum from the HRP\H # O # system showed both ions of oxidized form (m\z 267) and reduced form (m\z 269) of the MNP\tyrosyl adduct (Scheme 3). The MS\MS spectrum of m\z 267 ( Figure 5D ) showed a similar fragmentation pattern to that observed in the MS\MS spectrum of the ion of m\z 267 from the MNP model system ( Figure 5B ). These results demonstrate clearly that the MNP\tyrosyl adduct formed from tyrosine oxidation by HRP\H # O # is identical to that formed from the UV irradiation of 3-iodo-tyrosine. The concentration of Based on a molecular conformation calculation and ESR analysis, the C-1 model was originally proposed as the radicaltrapping site of MNP\tyrosyl radical adduct, with an additional seven-membered ring formed by hydrogen bonding [17] . The tertiary carbon of the phenyl ring was proposed as the trapping site, mainly because no β-H hyperfine couplings were observed by ESR for the MNP adduct. If the radical-trapping site were located on other carbons in the phenyl ring, such as the C-3\C-5 positions (Scheme 4), the observation of β-H hyperfine couplings in the ESR spectrum would be expected. The absence of β-H hyperfine couplings, however, could also result from the fast rearrangement of the radical adduct with loss of the β-H to form an aromatic nitroxide [35, 36] . In this study, the ESR hyperfine structure of the MNP\tyrosyl adduct was determined by using isotopically substituted MNP-d * as a spin trap. This
Scheme 4
The proposed spin-trapping mechanism of the tyrosyl radical result revealed three small ring hydrogen couplings in addition to the large nitrogen coupling observed with MNP, as reported by Gunther et al. [18] . When MNP traps an aryl radical that has an ortho substituent, the ESR spectra shows an increase in a N of the nitroxide group and a decrease in a H of the ring protons. This is because the nitroxide group of the resultant adduct is rotated out of the plane of the aromatic ring, thereby decreasing conjugation between the nitroxide moiety and the phenyl ring [37, 38] . In order to determine the trapping site unambiguously, ESR spin trapping, HPLC and MS analysis were used to ascertain the structure of MNP\tyrosyl adducts formed from three systems : UV irradiation of 3-iodo-tyrosine, tyrosine oxidation by HRP\ H # O # and cytochrome c oxidation via H # O # . The MNP\tyrosyl radical adduct was trapped unambiguously at the C-3 position by UV irradiation of 3-iodo-tyrosine.
In the on-line HPLC\ESR experiments, ESR-active fractions from all three reactions gave identical t R values (17.7 min), indicating that the MNP\tyrosyl adducts formed from these reactions have identical structures. This was confirmed further with a series of "$C-labelled tyrosine experiments in which the results were consistent with trapping at the C-3\C-5 positions, not the C-1 position. Although isotope labelling is a powerful tool in ESR spectroscopy for the characterization of radical structures, it does not generally provide comprehensive structural determination. For example, the molecular mass of the radical adduct cannot be determined, and the lack of such comprehensive structural information is a major weakness in the determination of radical adduct structures by ESR alone.
MS analysis of the adducts was used to verify the structure of the MNP\tyrosyl adduct. A 50 : 50 mixture of MNP and MNP-d * was used to help identification of the ions associated with the MNP\tyrosyl radical adduct. MS\MS analysis of these ions showed unambiguously that their structures were consistent with the MNP\tyrosyl and MNP-d * \tyrosyl adducts.
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